Abstract Purpose: To evaluate whether pretreatment magnetic resonance imaging (MRI)/MR spectroscopic imaging (MRSI) findings and molecular markers in surgical specimens correlate with each other and with pretreatment clinical variables (biopsy Gleason score, clinical stage, and prostate-specific antigen level) and whether they contribute incremental value in predicting prostate cancer recurrence. Experimental Design: Eighty-eight prostate cancer patients underwent MRI/MRSI before radical prostatectomy; imaging findings were scored on a scale of 1 to 7 (no tumor seen-lymph node metastasis). Ki-67, phospho-Akt, and androgen receptor expression in surgical specimens were assessed by immunohistochemistry. To examine correlations between markers and imaging scores, Spearman's correlation was used. To test whether markers and imaging scores differed by clinical stage or Gleason score, Wilcoxon's rank sum test was used. To examine time to recurrence, the methods of Kaplan-Meier were used. Cox proportional hazards models were built and their concordance indices (C-indices) were calculated to evaluate prediction of recurrence. Results: All markers correlated moderately strongly with MRI/MRSI score (all correlation coefficients >0.5). Markers and MRI/MRSI score were strongly associated with clinical stage and biopsy Gleason score (P < 0.01 for all). At last follow-up, 27 patients had recurrence. C-indices for MRI/MRSI score and all markers were associated with time to recurrence and ranged from 0.78 to 0.89. A Cox model combining all clinical predictors had a C-index of 0.89; the C-index increased to 0.95 when MRI/MRSI score was added and to 0.97 when markers were also added. Conclusions: MRI/MRSI findings and molecular markers correlated well with each other and contributed incremental value to clinical variables in predicting prostate cancer recurrence.
Prostate cancer is the most frequently diagnosed cancer in American men. The American Cancer Society estimated that in 2008, 186,320 new cases of prostate cancer would be diagnosed and 28,660 deaths would occur due to this disease (1) . The prognosis and the choice of treatment are determined based on pretreatment clinical predictive variables, such as the clinical stage, the serum prostate-specific antigen (PSA) level, and the biopsy Gleason score (2) . These variables are used in the standard clinical nomograms for prediction of prostate cancer recurrence (3) (4) (5) (6) . The biopsy Gleason score and the amount of cancer in each biopsy core are important predictors of the behavior of prostate cancer and its rate of progression (7) (8) (9) . However, at biopsy, lesions are sometimes missed, and the Gleason score is frequently underestimated (10) (11) (12) (13) .
Several studies have suggested that magnetic resonance imaging (MRI) and MR spectroscopic imaging (MRSI) can help in the pretreatment evaluation of prostate cancer (14, 15) . MRI clearly depicts the zonal anatomy of the prostate, whereas MRSI displays the relative concentrations of chemical metabolites within the gland and allows prostate cancer to be detected based on the identification of metabolic abnormalities. Cheng et al. (16) studied the clinical utility of endorectal MRI in determining PSA outcome for patients with biopsy Gleason score 7, PSA ≤10, and clinically localized prostate cancer and concluded that local therapy alone may be adequate for patients with MRI stage T2 disease. Pucar et al. (17) suggested that in patients with high-risk prostate cancer, the tumor stage as determined by MRI could indicate the likelihood of recurrence. Poulakis et al. (18) used clinical variables and MRI data in a model to predict biochemical recurrence and found that the new model was superior to a model that had clinical variables only.
Recently, we introduced an approach called "systems pathology" to develop a model for predicting prostate cancer recurrence in patients treated with radical prostatectomy (19, 20) . The model integrated clinicopathologic variables with histologic tumor characteristics and quantified biomarkers. The model proved to be highly accurate and, in the population studied, had a higher concordance index (C-index) than the standard postoperative nomogram for the prediction of recurrence (19) . MRI-guided biopsy followed by molecular profiling of biopsy cores could allow the advantages of MRI and systems pathology to be combined in the prediction of prostate cancer recurrence. The purpose of this study was to evaluate (a) whether pretreatment MRI/MRSI findings and molecular markers in surgical specimens correlate with each other and with pretreatment clinical variables (biopsy Gleason score, clinical stage, and PSA level) and (b) whether MRI/MRSI findings and molecular marker levels contribute incremental value to clinical variables in predicting prostate cancer recurrence. Three specific markers were selected for analysis based on their association with prostate cancer progression (19) (20) (21) (22) (23) (24) (25) (26) (27) : Ki-67 (a proliferation marker), phospho-Akt (a serine-threonine kinase critical in signal transduction pathways involved in cell proliferation, apoptosis, and angiogenesis), and androgen receptor (AR; the phosphoprotein that mediates the actions of male sex hormones by acting as a transcription factor and interacting with the phosphatidylinositol 3-kinase pathway).
Materials and Methods
Patient demographics. From November 1999 to March 2004, 592 patients with prostate cancer were referred from the urology department (P.T.S.) for MRI before radical prostatectomy. Three hundred sixty-three of these patients underwent combined endorectal MRI/ MRSI; of these, 89 patients [mean age, 63 y (SD, 6.58 y); range, 46-79 y; PSA range, 2.6-76.8 ng/mL; biopsy Gleason score range, 6-9] gave informed consent for tissue collection and molecular marker studies according to a research protocol approved by our institutional review board and were included in our study. All 89 patients had representative archived pathologic materials for immunohistochemical studies available. One of these 89 patients was lost to clinical follow-up; thus, our study included 88 patients. The institutional review board approved our retrospective review of MRI/MRSI studies, pathology data (from biopsy and surgical pathology), and clinical follow-up data and waived the informed consent requirement. This study was compliant with the Health Insurance Portability and Accountability Act. Patient data were collected and handled in accordance with institutional and federal guidelines.
Endorectal MRI/MRSI data acquisition and processing. Data were acquired on a 1.5 Tesla GE Signa Horizon scanner. MRI was done using a pelvic phased-array coil and an expandable endorectal coil; T1-and T2-weighted spin-echo MR images were obtained using a previously described standard prostate imaging protocol (total time, ∼30 min; refs. 28, 29) . MR image acquisition was followed by a standard MRSI protocol with point-resolved spectroscopy (PRESS) voxel excitation and water and lipid suppression (total time, 17 min) in a voxel array and the SI dimension zero filled to 16 slices (3-mm resolution) with a voxel size of 0.12 to 0.16 cm 3 (30, 31) . MRSI data were overlaid on the corresponding T2-weighted images, including the raw spectra and the metabolic ratio (choline + creatine to citrate; refs. 30, 31) .
Endorectal MRI/MRSI data interpretation. Two attendings, a radiologist with >10 y of experience in reading prostate endorectal MRI/MRSI and a physicist with >5 y of experience in reading prostate MRSI, retrospectively interpreted the imaging studies using established morphologic and metabolic criteria for the MRI and MRSI evaluation of prostate cancer in the peripheral and transition zones (14, 28, (32) (33) (34) . Both of them were blinded to clinical data and surgical pathology. The spectroscopist evaluated the MRSI data set and provided the location and number of suspicious voxels to the radiologist, who integrated the MRSI information with the MRI data (as per routine clinical radiological practice at our institution) and provided a final reading for each study using a seven-point scoring system (developed in consensus by the institution's prostate cancer disease management team), with higher scores indicating greater predicted probabilities of recurrence. The combined MRI/MRSI scoring system was based on the tumor-node-metastasis staging system for prostate cancer and was as follows: 1, no tumor seen; 2, tumor seen, no extracapsular extension (ECE); 3, tumor seen, ECE cannot be ruled out; 4, unilateral ECE; 5, bilateral ECE; 6, seminal vesicle invasion; 7, lymph node metastasis. When multiple positive findings were seen on MRI, the highest applicable score was assigned.
On MRI, focal nodular regions of abnormal low T2-weighted signal were considered to be tumors, whereas focal nonnodular regions of abnormal low T2-weighted signal were considered to represent tumor or confounding factors, such as postbiopsy changes or prostatitis (35, 36) . On MRSI, voxels in the prostate gland were considered suspicious based on elevated choline and reduced or no citrate (32, 34, 37) . ECE was considered present on MRI if tumor abutted the prostate capsule and showed an irregular margin, obliteration of the rectoprostatic angle, or if there was asymmetry or direct involvement of the neurovascular bundle (34); on MRSI, ECE was identified based on tumor volume (number of contiguous voxels suspicious for cancer). Seminal vesicle, bladder, or rectal invasion was considered present if tumor was seen to extend into any part of these structures (14) .
Pathology. Whole-mount transverse serial sections of the prostate were prepared as described previously (38) . The primary and secondary Gleason grades as well as the pathologic tumor node stage were also determined. Tissue sections stained with H&E were examined by two uropathologists blinded to imaging and clinical data. They evaluated the histopathologic characteristics of each case, and then in consensus, they selected one representative section and block per case for the immunohistochemical analysis.
Immunohistochemistry. One pathologist did all of the immunohistochemistry. The following well-characterized antibodies and corresponding final working concentrations were used for this study (19, 39) : phospho-Akt (Ser 473 ) rabbit monoclonal antibody, clone 736E11 from Cell Signaling Technology at 1:50 dilution; AR, mouse monoclonal antibody, clone AR441 from DakoCytomation at 1:50 dilution; and Ki-67, mouse monoclonal antibody, clone MIB1 from DakoCytomation at 1:1,000 dilution. An avidin-biotin peroxidase method was used for immunohistochemical staining. Briefly, 6-μm whole-mount sections were deparaffinized in xylene and rehydrated in graded alcohol. Endogenous peroxidase was blocked by immersing slides in 0.1% PBS/H 2 O 2 for 15 min. For antigen retrieval, slides were
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exposed to heating in a microwave oven and 0.01 mol/L citric acid (pH 6) for 15 min. After cooling to room temperature, appropriate blocking sera were applied for 30-min incubation followed by 4°C overnight incubation with primary antibodies. Optimal dilutions for each antibody were determined in previous experiments. After extensive washing, adequate secondary antibodies were applied for 30-min incubation followed by avidin-biotin complex for an additional 30 min. Diaminobenzidine was used as the final chromogen, and then the slides were counterstained with hematoxylin, dehydrated, and mounted.
For each molecular marker, expression was recorded as the percentage of tumor cells with positive immunostaining (25, 40) . An exclusively nuclear immunoreaction was considered positive immunostaining for both AR and Ki-67, whereas phospho-Akt immunostaining was predominantly cytoplasmic and occasionally nuclear. For the phospho-Akt and AR indices, staining intensity was scored on a 0 to 2 scale (0, no or weak staining; 1, moderate staining; 2, strong staining), and the level of immunostaining was graded semiquantitatively as the product of the staining intensity score and the percentage of tumor cells with positive immunostaining (on a scale of 0-200).
Disease recurrence. Disease recurrence was defined as a serum PSA value of ≥0.4 ng/mL (confirmed by a second PSA value higher than the first by any amount), secondary therapy, or clinical recurrence (6, 41) . This was the standard definition of recurrence after radical prostatectomy used at our institution (41) .
Statistical analysis. To examine the correlation between the marker values, combined MRI/MRSI scores and PSA, Spearman's correlation coefficient was used. To test whether the distributions of marker values and MRI/MRSI scores were different based on clinical stage (T1 versus T2 and above) and Gleason score (6 versus 7 and above), Wilcoxon's rank sum test was used. Time to recurrence was estimated using the methods of Kaplan and Meier. To assess whether the molecular markers or combined MRI/MRSI score could accurately predict time to recurrence, we calculated the C-index using the rcorr function in the Hmisc library for R (42) . Confidence intervals for the C-index were estimated from bootstrap percentile intervals using 2,000 bootstrap samples (43) . To determine the incremental value of MRI/MRSI and the markers to known clinical predictors in predicting recurrence, multivariate Cox proportional hazards models were built. In the Cox models, we used the continuous data for MRI/MRSI score and all the markers. The differences between the C-indices of the various models were calculated and the confidence intervals were again estimated using 2,000 bootstrap replicate samples.
To explore potential cutoff values for each of the markers, threshold values were chosen using a minimum P value approach method similar to those described by Mazumdar and Glassman (44) . For MRI/MRSI score, the cutpoint was chosen based on the most clinically useful sensitivity and specificity.
Analyses were done in Stata 9.0 for Windows (Stata Corp.) and R for Windows. 7 Results Table 1 summarizes the patient characteristics. Table 2 Twenty-seven (31%) patients had prostate cancer recurrence at the time of the last follow-up (Fig. 1) . The median time to recurrence was not reached. The median follow-up for the patients without recurrence was 47 months. Ki-67, phospho-Akt, and AR expression levels and indices were generally higher (above the cutpoints) in patients whose cancers ultimately recurred (Table 3A -C). The C-indices for the markers ranged from 0.78 (for Ki-67) to 0.85 (for AR; Table 3B ). Figure 2A to E illustrates the Kaplan-Meier curves for prediction of time to recurrence by Ki-67, AR, and phospho-Akt using selected cutpoints (the cutpoint for Ki-67 was 15%, and both AR and phospho-Akt had a cutpoint of 60%; Table 4 ).
The MRI/MRSI score showed slightly better predictive accuracy than any of the molecular markers, although all the markers had fairly high C-indices (Table 3B ). Figure 2F illustrates the Kaplan-Meier curves for prediction of time to recurrence by MRI/MRSI.
A Cox proportional hazards model was built to assess the incremental value of MRI/MRSI and markers to known clinical predictors. MRI/MRSI score remained an independent predictor of time to recurrence (P = 0.007); however, none of the markers achieved statistical significance at the P < 0.05 level. Table 3C ). The difference between the two models containing MRI/MRSI score was very small (0.02), and the confidence interval contained zero, indicating that the addition of the markers to the MRI/MRSI score did not significantly improve prediction of recurrence.
Discussion
The ability to determine before treatment whether a patient has a high risk of recurrence after radical prostatectomy is critical for appropriate patient-specific treatment selection. Numerous elegant algorithms have been designed to predict outcome for patients with prostate cancer, including a recent preoperative nomogram predicting the 10-year probability of prostate cancer recurrence after radical prostatectomy (3) (4) (5) (6) . Inclusion of quantitatively assessed features of the actual tumor sample in such models could allow better prediction of the prognosis of the individual patient.
The role of MRI/MRSI has evolved and now includes tumor detection, staging, and treatment follow-up for patients with prostate cancer (14, 15) . Cheng et al. (16) assessed the clinical utility of endorectal MRI in determining PSA outcome for patients with biopsy Gleason score 7, PSA ≤10, and clinically localized prostate cancer and found that local therapy alone seemed to be adequate for the patients with MRI stage T2 disease. On the other hand, their data suggested that more aggressive therapy was warranted in the patients with MRI T3 disease. Using artificial neural networks, Poulakis et al. (18) designed a model for predicting prostate cancer recurrence after surgery that included preoperative variables and MRI data. This model was superior to nomograms with only clinical variables but has yet to be validated. Our study provides further evidence that MRI is a powerful tool for the prediction of patient outcome. Our studies and others have shown the importance of molecular profiles, which can be obtained from tissue samples acquired at biopsy or surgery, for understanding the biology of the tumor and predicting the outcome of treatment (19, 21, 26, (45) (46) (47) (48) . Gaston et al. (49) have shown that tissue print technologies can provide a general platform for the generation of marker maps that can be superimposed directly onto histopathologic and radiological images, permitting molecular identification and classification of individual malignant lesions.
All the markers evaluated in our study (i.e., Ki-67, phosphoAkt, and AR) showed significant predictive value for recurrence. Akt is a well-known regulator of cell survival, promoting both proliferation and antiapoptotic responses (22, 25, 27, 39) . Significantly increased activation (phosphorylation) of Akt is associated with high Gleason grade prostate cancers and also with prostate cancer progression to androgen independence and poor clinical outcome (22, 25, 27, 39) .
In our study, the cell proliferation antigen Ki-67 was also a good predictor of recurrence, although slightly weaker than phospho-Akt. Ki-67 has been reported to be a marker of proliferation in prostate cancer (21, (23) (24) (25) 48) . Any indicator of proliferation may be expected to be a good predictor of clinical outcome because aggressive tumors have a higher proliferation rate compared with insignificant tumors. However, the rate of proliferation alone does not determine the rate of tumor growth. In the normal adult prostate, the rate of proliferation is balanced by an equal rate of apoptosis. In prostate cancer, there is increased proliferation or decreased apoptosis, or both, so that the cell number increases.
The AR is a nuclear transcription factor that mediates the actions of many steroidal hormones (21, 23, 25) . The efficacy of androgen deprivation therapy seems to be mediated through the inhibition of androgen-regulated gene expression. AR staining is seen predominantly in the nuclei of epithelial and stromal cells in the normal prostate. Neoplastic areas tend to have an intermingling of AR-positive and AR-negative cells. Data from our group suggest that AR expression levels in tumor cells are important in prostate cancer growth and survival (19) . In the present study, to assess the incremental value of the markers and MRI/MRSI data to clinical variables, we built Cox proportional hazards models; the model combining markers MRI/MRSI data and clinical variables had a higher C-index than the model that included only clinical variables.
We would like to point out that two of our methods of cancer assessment included evaluation of the whole prostate (stepsection pathology with H&E staining and MRI), whereas one of our methods (immunohistochemical staining for molecular markers) was based on a representative sample of the gland (i.e., a single tissue section from the prostatectomy specimen). The selected section assessed by immunohistochemical staining contained either the index tumor identified on H&E staining or, if the cancer was insignificant and no index tumor could be identified, a representative tumor focus as judged by the molecular pathologist (C.C.C.).
A limitation of the study is that we do not know for certain whether the specific tumor(s) assessed by immunohistochemistry was actually identified on imaging. Nevertheless, our data show that as the MRI/MRSI score increased, so did molecular marker expression in the representative tumor lesion assessed. Our study was not about assessing tumor localization by MRI/ MRSI; rather, it concerned the incremental value of MRI/MRSI and molecular markers to clinical predictors for making an overall prediction of cancer recurrence.
Our study has several other limitations. First, it was retrospective. Second, although the scoring system used was based on tumor-node-metastasis staging and developed by consensus, the development and use of a weighted scoring system would have been preferable. Third, immunohistochemical analysis was done on surgical specimens rather than biopsy samples. The use of biopsy samples was not possible, as >90% of the patients in our study had their biopsies done outside our institution. Fourth, the combined MRI/MRSI scores were given by a single radiologist who had considerable experience. A study at our own institution showed that in the detection of ECE on MRI, radiologists who specialized in genitourinary MRI did significantly better than radiologists who practiced general body MRI (50) . Thus, if the radiologist interpreting MRI results in our study had been less experienced, we might have found that molecular markers contributed significant incremental value to MRI/MRSI and known clinical predictors in the Cox proportional hazards model. In addition, because our sample size was limited by the number of surgical specimens available for immunohistochemical analysis, we were not able to detect modest improvements in predictive accuracy. Fifth, there is verification bias in this study as the decision to proceed to radical prostatectomy may depend in part on the results of the MRI/MRSI. Finally, our study is limited by its clinical end point, as the natural history of biochemical recurrence after radical prostatectomy is variable and can be long (51). Freedland et al. (51) did a retrospective study of 379 men who had biochemical recurrence after radical prostatectomy and were followed for a mean of 10.3 years; their results showed that clinical parameters (PSA doubling time, pathologic Gleason score, and time from surgery to biochemical recurrence) could help risk stratify patients for prostate cancer-specific mortality following biochemical recurrence after radical prostatectomy.
In conclusion, our study shows that MRI/MRSI data and the levels of the molecular markers Ki-67, phospho-Akt, and AR correlate with each other and are moderately strongly associated with prostate cancer clinical stage and biopsy Gleason score. MRI/MRSI score and molecular markers may contribute incremental value to PSA, clinical stage, and biopsy Gleason score in predicting prostate cancer recurrence.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
